Abstract. The activities of artificial radionuclides in seawater samples collected off the coast of Miyagi, Fukushima, and Ibaraki Prefectures were measured as part of a monitoring program initiated by the Japanese Ministry of Education, Sports, Science and Technology immediately after the Fukushima Dai-ichi Nuclear Power Plant accident. The spatial and temporal distributions of those activities are summarized herein. The activities of strontium-90, iodine-131, cesium-134 and -137 (i.e. 90 Sr, 131 I, 134 Cs, and 137 Cs) derived from the accident were detected in seawater samples taken from areas of the coastal ocean adjacent to the power plant. No 131 I was detected in surface waters (≤ 5 m depth) or in intermediate and bottom waters after 30 April 2011. Strontium-90 was found in surface waters collected from a few sampling stations in mid-August 2011 to mid-December 2011. Temporal changes of 90 Sr activity in surface waters were evident, although the 90 Sr activity at a given time varied widely between sampling stations. The activity of 90 Sr in surface waters decreased slowly over time, and by the end of December 2011 had reached background levels recorded before the accident. Radiocesium, 134 Cs and 137 Cs, was found in seawater samples immediately after the accident. There was a remarkable change in radiocesium activities in surface waters during the first 7 months (March through September 2011) after the accident; the activity reached a maximum in the middle of April and thereafter decreased exponentially with time. Qualitatively, the distribution patterns in surface waters suggested that in early May radiocesium-polluted water was advected northward; some of the water then detached and was transported to the south. Two water cores with high 137 Cs activity persisted at least until July 2011. In subsurface waters radiocesium activity was first detected in the beginning of April 2011, and the water masses were characterized by σ t (an indicator of density) values of 25.5-26.5. From 9-14 May to 5-16 December 2011, the depths of the water masses increased with time, an indication that deepening of the isopycnal surfaces with time can be an important mechanism for the transport of radiocesium downward in coastal waters. During 4-21 February 2012, the water column became vertically homogeneous, probably because of convective mixing during the winter; the result was nearly constant values of radiocesium activity throughout the water column from the surface to the bottom (∼ 200 m depth) at each station.
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stopped as a result of damage caused by a series of tsunami waves (NERH, 2011) .
At 15:36 JST (06:36 UTC) on the day following the accident, a hydrogen explosion occurred in the Unit 1 reactor building as a consequence of the failure of the reactor cooling system. On 14 March a hydrogen explosion also occurred in the Unit 3 reactor building. Although the Unit 4 reactor had been shut down for planned maintenance and its fuel rods were in the spent fuel pool at the time of the earthquake, an explosion occurred in the Unit 4 reactor building on 15 March. On the same day, an explosion that occurred in the Unit 2 reactor caused a reduction of pressure in the suppression pool at the bottom of its containment vessel. The explosions resulted in the release of large amounts of radioactive materials into the environment. The Japanese Government estimated the amounts of 131 I, 134 Cs, and 137 Cs released into the atmosphere to be 160, 18, and 15 PBq, respectively, from 11 March to 5 April 2011 (NERH, 2011) . Results of environmental monitoring suggested that 131 I and 137 Cs derived from the FDNPP were observed within three days after the accident in airborne dust at Fukuoka Prefecture, western Japan, more than 1000 km from the FDNPP (Momoshima et al., 2012) . In the early stage of the accident, large amounts of wastewater had accumulated at the sites of the Unit 1, 2, and 3 reactors because of the use of large volumes of cooling water to prevent the occurrence of a more serious nuclear accident. Although the total volume of highly contaminated wastewater is still unknown, significant amounts of water that accumulated in the reactor buildings have leaked out through underground conduits into the ocean Tsumune et al., 2012) . From numerical simulations, Tsumune et al. (2012) estimated the total amount of 137 Cs released directly into the ocean from 26 March 2011 to be 3.5 ± 0.7 PBq.
About ten days after the accident, the Marine Ecology Research Institute started an environmental radioactivity monitoring study, with a particular focus on the offshore ocean, by taking seawater samples and performing analyses of radioactivity. In response to changes in societal concerns, the monitored area of the ocean has been expanded progressively since that time. The radioactivity data obtained during the monitoring program have been published on the website of the Ministry of Education, Culture, Sports, Science and Technology (MEXT) (http://radioactivity.mext.go.jp/en/ list/259/list-1.html). In this paper, we compile and revise, when necessary and if possible, the data on 90 Sr, 131 I, 134 Cs, and 137 Cs activities in seawater samples collected outside the area, beginning at a 30 km radius from the plant, off the coast of Miyagi, Fukushima, and Ibaraki Prefectures immediately after the FDNPP accident. A special revision was made for the radioactivity data on the MEXT website that lacked error information. Furthermore, we conducted re-analysis of radiocesium activity derived from the AMP method instead of the direct measurement. For example, on the Nuclear Regulation Authority (NRA) web page (http://radioactivity.nsr.
go.jp/ja/list/273/list-1.html), the radiocesium activities in all the samples are reported as "not detectable (less than about 6-9 Bq L −1 )" while we report the activities in mBq L −1 in surface and subsurface samples in this paper. We furthermore describe the spatiotemporal variations of the radiocesium activities in seawater samples collected every two months from the coastal ocean east of Japan during the time immediately after the accident until the end of February 2012. We investigated the mechanisms that control the movement of 137 Cs in the water column from the surface to the bottom together with data of other complementary parameters which are not available on the MEXT website, including salinity, temperature, and σ t , an indicator of density of a given temperature. Thus, we elucidate the influence of oceanic processes on radionuclide behavior in the coastal waters using the parameters.
Activities of 137 Cs in surface seawaters after the accident have been reported Buesseler et al., 2012; Honda et al., 2012) . These reports indicate that the 137 Cs that originated from the FDNPP migrated as far as ∼ 600 km from the shore because of near-shore eddies and the Kuroshio Current as well as airborne transportation. In the subsurface waters, elevated 137 Cs activities have also been observed (Buesseler et al., 2012) . However, the vertical transport mechanisms for radiocesium in the area are not fully understood. In general, two main processes are thought to transport radiocesium downward: (1) sinking particles and (2) water mixing (e.g., diapycnal and isopycnal mixing). Before the FDNPP accident, the main source of radiocesium in seawater in the North Pacific had been fallout from past nuclear weapons tests and the Chernobyl accident (Oikawa et al., 2011) . In those cases, radiocesium was deposited onto the sea surface from the atmosphere and then transported downward by sinking particles (Fowler et al., 1987; Kusakabe et al., 1988) . For example, 134 Cs and 137 Cs that originated from the Chernobyl accident were detected in sediment traps deployed at depths of 110-780 m in the North Pacific and Bering Sea within a few months after the accident (Kusakabe et al., 1988) . In the case of the FDNPP accident, both the atmospheric deposition and the direct discharge of wastewater were important sources in seawaters off the coast of Miyagi, Fukushima, and Ibaraki Prefectures. Only two-three months after the accident, FDNPP-derived nuclides were observed in subsurface waters (Buesseler et al., 2012) where 137 Cs activities were about 100 times higher than the values before the accident . It is unlikely that transport of radiocesium downward by only sinking particles occurred (see Sect. 3.2.2). These results indicate that FDNPP-derived nuclides were transported downward by vertical water mixing as well as sinking particles. As for the vertical water mixing, the diapycnal mixing in these coastal areas is mainly affected by diurnal tidal currents during the spring and autumn. It has been reported that the vertically homogeneous physical structure of the water column (i.e., σ t , salinity, and temperature) results from vigorous vertical mixing of the water S. Oikawa: Distribution of the Fukushima-derived radionuclides in seawater 5033 column during periods of strong tidal currents (see e.g., Matsuura et al., 2007) . In addition, during winter, the vertical distributions of temperature, salinity, σ t , and other properties (e.g., nutrient concentrations) indicate that the surface waters are well mixed to depths ranging from one to several hundred meters (Yoshie et al., 2003) . Furthermore, the mixing of radiocesium along isopycnal surfaces could be important. If the isopycnal surfaces deepen, for example, activity in radiocesium can be diluted along the surfaces, resulting in the appearance of radiocesium at subsurface waters. Thus, discussion of these two processes (i.e. transportation by sinking particles and water mixing) is a key to better understanding radiocesium behavior in the coastal seawaters off Miyagi, Fukushima, and Ibaraki Prefectures.
Materials and methods

Survey areas and sampling
The survey areas are shown in Fig. 1 . Seawater samples were collected from the surface (≤ 5 m depth) to near the bottom (∼ 30 m above the seafloor) at each sampling station (Table 1). To elucidate the spatiotemporal distribution of the artificial radionuclides, the number of sampling stations increased as the monitoring study progressed. The monitoring area was also expanded accordingly. Thus, the sampling period of 1 yr was divided into two phases as described next.
Phase 1 (23 March 2011 to 7 May 2011)
The first cruise (KH11-E01) for Phase 1 commenced on 23 March 2011 and then three other cruises (MR11-E01, KR11-E02 and YK11-E02) followed until 7 May 2011. Since the objective of the first phase was to detect radionuclides released from the FDNPP, samples were collected from only eight sampling stations (1-1 to 1-4 and 2-1 to 2-4) located in the western North Pacific Ocean 30 km off the coast from the FDNPP. In the middle of the survey period, we added several more stations (i.e. 2-5, 2-6, 1-A, 1-B, S1, S2, S3 and S4) so that the stations formed a U-shape surrounding the FDNPP. We used a Niskin-type water sampler with a CTD system (SBE 9 plus, Sea-Bird Electronics, Inc., Bellevue, WA, USA) to collect water samples. Because of the urgent nature of the survey, during Phase 1, 500 mL or 20 L of seawater samples were collected at each station. The samples were returned to a laboratory without addition of any acids.
Phase 2 (9 May 2011 to the end of February 2012)
On 9 May 2011, Phase 2 was implemented by expanding the sampling area in the western North Pacific Ocean (Fig. 1c) Aliquots (0.5-2 L) of seawater samples taken during Phase 1 were put into a Marinelli container and their radioactivities were measured for several tens of minutes using a gammaray spectrometer with a coaxial Ge detector.
From samples taken in the following cruises during Phase 2, NT11-E01, NT11-E02, MR11-E02, YK11-E03, YK11-E05, and KR11-E04 and bottom water samples and some surface samples in 11WM01-11WM06, 2 L aliquots of seawater were used to measure radioactivity by the same method as above. For the remaining sample volumes collected during Phase 2, 2 L or 40-60 L was used for the radiocesium analyses. After adjusting the pH of the seawater sample to nearly 1 with hydrochloric acid, cesium was coprecipitated with ammonium phosphomolybdate (AMP; Kishida Chemical Co., Ltd.). The recovery of Cs with AMP was obtained gravimetrically. For example, we got a recovery of 96.8 % on average for samples in the KY11-E03 cruise. The activity of radiocesium ( 134 Cs and 137 Cs) coprecipitated with AMP was measured with coaxial-type Ge detectors (Canberra GC40 series, relative efficiency = 40 %, and Eurisys EGPC series, relative efficiency = 89 %, Canberra Japan KK) for a few hours. The supernatant of the AMP precipitation was used for the determination of 90 Sr. Inoue et al. (2012) have pointed out that the cascade summing effect should not be disregarded for the 604.7 and 795.8 keV photopeaks emitted from 134 Cs when measurements are carried out with the sample close to the Ge detector. In our measurements, based on the peak / total ratio method (MEXT, 1992) the cascade summing of 134 Cs in all samples was corrected using computer software (e.g., Gamma Explorer, Canberra Japan KK). The detection limits of 134 Cs and 137 Cs were calculated based on three times the value of the counting statistics error, the minimum detectable activities of 134 Cs and 137 Cs were expected to be 0.1-1.0 mBq L −1 for counting times of tens of thousands of seconds. The radioactivities of 134 Cs and 137 Cs in the water samples were decay-corrected to the sampling date.
90 Sr measurements
When measuring 90 Sr in the water samples, we used the same water samples as were used for the radiocesium measurements. The supernatant of the AMP precipitation was passed through a cation exchange resin column (Dowex 50W-X8, 100-200 mesh, 9 cm ϕ × 32 cm) to remove Mg, one of the elements in seawater that would interfere with the analysis. After the addition of sodium carbonate, the pH of the seawater sample was adjusted to 8 with a solution of sodium hydroxide to co-precipitate Sr together with carbonate precipitates. The precipitates thus formed were boiled for approximately 2 h before being allowed to settle overnight. The sample supernatant was carefully decanted and discarded, and the carbonate precipitate was separated from the solution by centrifugation. The precipitate was dissolved in 1 M hydrochloric acid and evaporated to dryness. The residue 5036 S. Oikawa: Distribution of the Fukushima-derived radionuclides in seawater was dissolved in dilute hydrochloric acid and passed through a cation exchange resin column (Dowex 50W-X8, 100-200 mesh, 3 cm ϕ × 26 cm) for the complete removal of Ca. The activity of 90 Sr was determined by using a gas-flow-type low background anti-coincidence beta counter (e.g., LBC-471Q, Aloka Co. Ltd., Japan) to count the beta rays emitted from 90 Y at radio-equilibrium with 90 Sr. The detection limit of 90 Sr radioactivity, taken as three times the value of its counting statistics error, was about 0.4 mBq L −1 with a 100 min counting time for a 50 L seawater sample. The activities of 131 I, 134 Cs and 137 Cs in the samples are summarized in Table 2 together with the 131 I / 137 Cs and 134 Cs / 137 Cs activity ratios. Activities of 131 I were first detected in the surface water samples (≤ 5 m depth) collected during the first cruise (KH11-E01) from 23-27 March. After that, they varied considerably compared to those of radiocesium. They decreased rapidly from a geometric mean of 39.2 Bq L −1 on 23 March 2011 to 7.0 Bq L −1 on 1 April 2011, and then increased again to 34.1-161 Bq L −1 in the middle of April. After that, they decreased again until the end of April 2011 (Fig. 2a) . The 131 I / 137 Cs activity ratios were scattered in the period from 23 March to 3 April 2011. After 9 April 2011, the ratio seemed to be converging to a value that followed its decay line. The variability of 131 I activity and its ratio to 137 Cs in surface water reflect variable contributions from the direct discharge of polluted waters and airborne dust (Chino et al., 2011 ) from the FDNPP, both which have different activity ratios from each other (see Fig. 11 in a companion paper of this issue by Kusakabe et al. 2013) . Tsumune et al. (2012) inferred that although both nuclides in the area were derived mainly from the atmosphere until 9 April 2011, they were dominated by the direct discharge after that date.
The 137 Cs activities in surface waters are monitored for 28 yr as part of a nationwide surveillance project begun before the accident; these were fixed sampling stations that are approximately 6 km east of the sampling stations in Fig. 1b . According to those monitoring results, 137 Cs activities in surface waters for the five years before the accident (2006) (2007) (2008) (2009) (2010) had apparently reached a nearly constant level of 1.6 ± 0.26 mBq L −1 , with the range of 1.1-2.2 mBq L −1 . In this study, the highest 137 Cs activity during the first cruise (KH11-E01) was 26 Bq L −1 at Stn. 1-3 on 24 March and 16 250 times higher than the average value of the last five years prior to the accident. The observed 137 Cs activity was a maximum (186 Bq L −1 ) in surface waters (≤ 5 m depth) at Stn. 1-4 on 15 April 2011 and then declined exponentially (Fig. 3) .
The 134 Cs / 137 Cs activity ratio in the waters after the direct discharge (26 March 2011 was apparently constant at 1.03 (Table 1 in the supplement), and a higher value than that (0.5) in the Chernobyl fallout (UNSCEAR, 2000) . This ratio is consistent with that of 0.99 ± 0.03 in water samples collected at the north and south discharge channels of the FDNPP in March and April 2011 (Buesseler et al., 2011) and that of nearly 1 in the western North Pacific in April and May 2011 (Honda et al., 2012) .
During three cruises, KH11-E01 (28/3-9/4), KR11-E02 (11/4-21/4), and YK11-E02 (25/4-7/5), both the intermediate and the bottom water samples were additionally collected to clarify the vertical dispersion or advection of the radionuclides. The 131 I, 134 Cs, and 137 Cs activities and its activity ratios in the intermediate and bottom water samples are listed in Table 3 . As expected, we detected 131 I, 134 Cs, and 137 Cs in the intermediate and bottom waters in addition to surface waters during the MR11-E01 cruise (28/3-9/4). The 131 I / 137 Cs ratios widely ranged in intermediate and bottom waters (Table 2). This wide variation might also reflect variability in sources of atmospheric dust and direct discharge as shown in the previous paragraph. About one month after direct release of contaminated wastewaters from the FDNPP reactors (on 26 March 2011: Tsumune et al., 2012) , activities of 137 Cs in subsurface waters (> 5 m depth) near the FDNPP (30 km distance) were clearly higher than the background activities in coastal seawater of the western North Pacific prior to the accident (Inomata et al., 2009; MEXT, 2010; Oikawa et al., 2011) .
Spatial and temporal distributions of radiocesium in seawater (Phase 2)
At the stations located far from the FDNPP (e.g., Stns. A1, B1, G1, I1, see Fig. 1c To better understand the distribution of radiocesium throughout the water column in the monitored area, in the following section we use data obtained for ten cruises (11WM01 (9-14 May 2011) to 11WM14 (4-21 February 2012), Table 1 in the supplement) to discuss spatial and temporal variations of radiocesium in the coastal ocean. 10.1 ± 2.9 7.9 ± 1.9 9.9 ± 3.0 1.0 ± 0.4 0.80 ± 0.31 KR11-E02 11-Apr-11 4 9.0 33.7 12.6 ± 3.0 --KR11-E02 15-Apr-11 4 9.5 33.7 34.4 ± 3.6 34.6 ± 4.1 33.3 ± 4.5 1.0 ± 0.2 1.0 ± 0.2 KR11-E02 29-Apr-11 3 9.7 33.4 14.7 ± 2.3 58.0 ± 4.4 53.0 ± 5.3 0.28 ± 0.05 1.1 ± 0.1 2-5 MR11-E01 28-Mar-11 3 9.0 33.9 11.8 ± 0.7 3.8 ± 0.5 4.1 ± 0.6 2.9 ± 0.4 0.91 ± 0.18 MR11-E01 01-Apr-11 3 11.3 34.2 7.8 ± 0.6 -2.0 ± 0.5 3.8 ± 1.1 KR11-E02 17-Apr-11 4 11.1 33.9 36.6 ± 3.2 38.6 ± 4.5 38.5 ± 4.5 0.95 ± 0.14 1.0 ± 0.2 2-6 MR11-E01 30-Mar-11 4 7.7 33.5 79.4 ± 1.0 6.5 ± 0.6 7.2 ± 0.6 11 ± 0.9 0.89 ± 0.11 MR11-E01 03-Apr-11 4 9.4 33.7 37.5 ± 0.7 5.0 ± 0.5 4.8 ± 0.6 7.9 ± 1.0 1.1 ± 0.2 MR11-E01 07-Apr-11 4 9.3 33.8 25.1 ± 3.5 8.8 ± 2.2 -YK11-E02 25-Apr-11 5 11.5 33.8 21.5 ± 2.7 38.6 ± 4.3 40.0 ± 4.6 0.54 ± 0.09 0.97 ± 0.16 * "-": Activity of the samples was calculated for all the samples as long as total counts were greater than the background without setting any detection limit. Samples for direct measurement by gamma-ray spectrometry were 0.5 or 2 L aliquots of the water samples in order to provide only radiocesium values. Data on 134 Cs and 137 Cs at sampling stations where radioiodine was not detected were excluded in this Figure 4 shows the temporal variation in the distributions of temperature, salinity, and 137 Cs activities in surface waters from 9-14 May 2011 to 4-21 February 2012. During 9-14 May, high 137 Cs activities (∼ 1.0 Bq L −1 ) were observed in northern and northeastern areas (from Stns. B1-3 to E1-3; see Fig. 1c ). In contrast, the 137 Cs activities at stations located to the southeast of the FDNPP were relatively low, specifically, 0.14, 0.035, and 0.61 Bq L −1 at Stns. F1, G2, and H1, respectively. However, the 137 Cs activity at Stn. G1 was high (5.4 Bq L −1 ). The relatively high activities in the northeastern area can be ascribed to a pattern of coastal currents. Based on a model simulation, Tsumune et al. (2012) reported that a water mass with high 137 Cs activity was transported southward along the coast by the coastal current until April, and then that water mass was advected northward during May. At Stns. I1-3 to L1-4 located in the southernmost area of this study (Fig. 1c) , 137 Cs activities during 9-14 May 2011 ranged between 2.5 mBq L −1 and 0.11 Bq L −1 or even less than the limit of detection (Fig. 4) . The low 137 Cs activities probably resulted from a cyclonic mesoscale eddy , which was present by the end of May Tsumune et al., 2012) . The presence of the eddy was also evidenced by high temperatures (∼ 20 • C) and high salinities (> 34) in the corresponding area. The eddy disappeared during the period 6-10 June. Simultaneously, 137 Cs activity at Stns. J1-J3 to L1-L2 increased. In particular, relatively high activities (1.0-4.6 Bq L −1 ) were observed at Stns. I1, J1, K1, and L1 near the coastline.
Temporal variation of radiocesium in surface seawaters
The 137 Cs activities in the surface waters at the northernmost stations (A1, A2 and A3) were generally lower than those of Stns. B1 to B4 (Fig. 1) . However, the 137 Cs activities were lower from 9-14 May to 6-10 June than in surface waters at Stns. B1 to B4, which are closer to the FDNPP. The water mass salinity around Stns. A1, A2 and A3 was different 0.36 ± 0.05 0.85 ± 0.10 * "-": Activity of the samples was calculated for all the samples as long as total counts were greater than the background without setting any detection limit. Samples for direct measurement by gamma-ray spectrometry were 0.5 or 2 L aliquots of the water samples in order to provide only radiocesium values. Data on 134 Cs and 137 Cs at sampling stations where radioiodine was not detected were excluded in this table. See Table 1 in the Supplement for all the data on radiocesium. from that around Stns. B1, B2, B3, and B4 (Fig. 4) ; the former stations had a value of > 34 psu and the latter, > 33 psu. This implied presence of a water mass with low 137 Cs. The To elucidate the downward transport of FDNPP-derived radiocesium, activities of 134 Cs at each depth were obtained and are shown in Fig. 5 ; 134 Cs is an ideal tracer for the FD-NPP accident because there was no 134 Cs background activity before 11 March due to its short-life. A plot of decaycorrected 134 Cs activities versus time (Fig. 5 ) reveals that at Stns. D1, E1, F1, and G1 (near the FDPP) 134 Cs activities at a depth of 50 m increased by factors of 3-10 in about 1 month (from 9-14 May 2011 to 6-10 June 2011); the maxima were 0.39, 0.22, 0.37, and 0.22 Bq L −1 , respectively. Similar results were obtained even at Stns. D3, E3, F3, and G3, which were located about 100 km further from the coast than Stns. D1-G1. In addition, at a depth of 100 m, the maximum activity was measured at Stn. E3 (52 mBq L −1 ) on 7 June 2011 or about two weeks later at Stns. D3 (74 mBq L −1 ), F3 (0.17 Bq L −1 ), G3 (0.1 Bq L −1 ), and H3 (0.1 Bq L −1 ). The ranges of 134 Cs activities at 50 and 100 m at these stations were comparable to those in the surface waters during June 2011 (Fig. 5) . From 7-15 September 2011 to 4-21 February 2012, the ranges of 134 Cs activities in the bottom waters were similar to the ranges in the surface waters at all the stations, with the exception of Stns. A3 and J3. No activities of 134 Cs in the bottom waters at these stations on 7-15 September 2011 were observed. The fact that 134 Cs was not detected in the bottom water samples of these two exceptional stations suggested that radiocesium derived from the FDNPP accident was not transported to such relatively great depths. Moreover, 137 Cs activities in the bottom waters (453-576 m depth) ranged between 0.78 and 1.7 mBq L −1 throughout the sampling periods. This implied that FDNPP-derived radiocesium was transported to depths as great as ∼ 200 m in coastal waters within six months after the FDNPP accident.
In general, sinking particles include biogenic and lithogenic materials. Zooplankton excretion is considered to account for the vertical transport of sinking biogenic particles; the production of fecal pellets acts as a biological pump (Honda et al., 2002) . On the basis of sediment trap data and plankton collections, Fowler et al. (1987) previously reported that radioisotopes from the Chernobyl accident were removed from surface waters of the Mediterranean Sea by zooplankton grazing; the consumed radionuclides that had been packaged into the large fecal pellets sank rapidly.
In the coastal waters off Fukushima and Miyagi Prefectures, Kaeriyama et al. (2012) reported that 137 Cs activities in zooplankton at 50 m depth ranged from 0.88 to 29 Bq kg-wet weight −1 during June 2011 to February 2012, whereas 137 Cs activities in surrounding waters at the same depth were low (10 mBq L −1 to 0.9 Bq L −1 ). They estimated the zooplankton-to-water activity ratio of 137 Cs to be (3.3-4.4) × 10 2 L kg −1 which is clearly higher than the reported concentration ratio of Cs for zooplankton (40 L kg −1 ) published by the IAEA (2004). However, the contribution of zooplankton to the downward flux of 137 Cs through the subsurface water column within a few months after the FDNPP accident is thought to be small because the biomass of zooplankton is not high. For example, Kaeriyama et al. (2008) showed that the integrated biomass of zooplankton in the depth interval 0-150 m in coastal waters off Aomori and Iwate Prefectures (to the northern neighbor of Miyagi Prefecture) ranged from 6.3 to 56. Clay minerals derived from lithogenic materials are also known to accumulate 137 Cs (Comans et al., 1991; Sakuma and Kawamura, 2011) . In 137 Cs speciation experiments conducted by Otosaka and Kobayashi (2012) , more than 75 % of 137 Cs derived from the FDNPP accident in coastal sediments was adsorbed/incorporated onto/into irreversible fractions. Because we analyzed unfiltered seawater samples in this study, the samples would have included soluble, colloidal, and particulate fractions. The fraction of Cs associated with particles in water samples is expected to be small because Cs is not very particle-reactive (e.g., its distribution coefficient (K d ) = 4 × 10 3 L kg −1 ) compared to other scavenging metals such as Mn, Fe, and Th (K d : 2 × 10 6 to 3 × 10 8 L kg −1 ; IAEA, 2004; Takata et al., 2010) . Soluble forms are therefore expected to account for most of the radiocesium activity in seawater samples, indicating the loss of a relatively low amount of the activities in waters by sinking of the radiocesium in the particulate phase or the protection of radiocesium in the dissolved phase from scavenging because of its thermodynamically stable forms. It is thus unlikely that redistribution of radiocesium derived from the FDNPP accident in the water column onto particles had much to do with the rapid increase of the activity in seawater at depths of 5-200 m.
As described in the Introduction, vertical water mixing can account for much of the downward flux of radiocesium. Diapycnal mixing in coastal areas is mainly a function of diurnal tidal currents, the result being a vertically homogeneous structure of physical characteristics (i.e., σ t , salinity, and temperature) of the water. In addition, during the winter, strong cooling and wind forcing of the mixed layer induce convection cells that extend to depths ranging from one to a few hundred meters. Figure 6 shows the temporal changes of σ t in the coastal waters from 9-14 May 2011 to 4-21 February 2012. The formation of a vertically homogeneous water mass during 4-21 February 2012 could be due to vigorous vertical mixing during the winter. This vertical mixing contributed to the downward flux of radiocesium into bottom waters, the result being nearly constant 134 Cs activities throughout the water column at each station during February 2012 (Fig. 5) . However, 134 Cs derived from the FDNPP accident was observed at depths of ∼ 200 m before the winter (Fig. 5) . Although the formation of a vertically homogeneous water column during Phase 1 could be due to vertical mixing during the winter (Fig. 6) , relatively high radiocesium activities (especially for 134 Cs) were observed in subsurface waters during Phase 1, at only Stns. 2-6 (49 m depth) and S4 (61 m depth) on 25 April and Stn. 1-B (30 m depth) on 5 May 2011. However, radiocesium activities in subsurface waters, especially at water depths of more than 100 m, were not detected. Thus, it is unclear that the radiocesium derived from the FDNPP accident was transported to bottom depth during the Phase 1 period. Indeed, processes other than diapycnal mixing during the winter could have affected the vertical flux of radiocesium in coastal waters during the period from 9-14 May to 5-16 December 2011. Isopycnal mixing could contribute to the transport of radiocesium from surface waters to intermediate and bottom waters. For example, chemical constituents such as the soluble forms of nutrients are transported or supplied along isopycnal surfaces (Sasaki and Hiroe, 2002) . From spring to autumn, diapycnal mixing attributed to the combined effects of coastal currents and diurnal tidal currents is thought to account for most vertical transport (Matsuura et al., 2007) . In this study, the homogeneous water column was not observed at any station from 9-14 May to 5-16 December 2011 (Fig. 6 ). This result indicated that isopycnal surfaces at depths of ≤ 5 m became gradually deeper with time. To investigate the behavior of radiocesium along isopycnal surfaces during the eight-month sampling period (from 9-14 May to 5-16 December 2011), we plotted the 137 Cs activities against σ t at Stns. D1-G1 and D3-G3 in Fig. 7 , the locations of which correspond to stations near the FDNPP during the Phase 1 survey (Fig. 1b) . Most of the water samples at 50 m, 100 m, and bottom depths from 9-14 May to 5-16 December 2011 were found to be within the σ t range 25.5-26.5, and 137 Cs activities decreased in the order 50 m > 100 m (or bottom depth for Stn. D1) > bottom depth. There were some exceptions for Stns. D3 (50 and 100 m depths during 26-31 July) and E3 (50 m and 100 m depths during 5-16 December), where 137 Cs activities were relatively low (Fig. 7) ; this result is probably attributable to the intrusion or mixing of water masses with low σ t and low radiocesium activities. At Stn. D3, the σ t of the water column at depths of 50-100 m during 26-31 July was different from the σ t during the time interval from 9-14 May to 5-9 July because of the presence of a water mass with low σ t in the upper 100 m of the water column. This water mass was present in the upper 50 m of the water column before 26-31 July (Fig. 6) . A similar trend was observed at a depth of 100 m at Stn. E3 during 5-16 December 2011. On the basis of these results, we concluded that during Phase 1 some of the radiocesiumcontaminated wastewater with σ t values of 25.5-26.5 was diluted along isopycnal surfaces, and the depth of the surfaces became greater with time and reached about 200 m by 5-16 December. Thus, radiocesium in the coastal waters was diluted along the isopycnal lines during the spring-to-autumn time interval, resulting in a relatively rapid increase in activities of radiocesium at bottom waters and/or 200 m depth within two months.
Temporal variation of 90 Sr in the surface water
Based on the results of the 134 Cs and 137 Cs radioactivity analyses, we conducted a strontium-90 survey with a limited number of water samples. These results are summarized in Table 4 , together with activities of 90 Sr, 134 Cs, and 137 Cs and 90 Sr / 137 Cs activity ratios. Activities of 90 Sr ranged from 1.2 to 4.3 mBq L −1 . The maximum activity of 4.3 mBq L −1 was observed at Stn. K1 on 14 October 2011 during the 11WM12 cruise and it was about four times the usual background activity (approximately 1.6 mBq L −1 of the value in the past five years (2006 MEXT, 2010 MEXT, , 2011 2013). In addition to the atmospheric releases, the cooling of the reactors with fresh water and seawater, and the release of highly contaminated wastewaters from the damaged reactor resulted in the direct discharges of radionuclides such as 90 Sr, 134 Cs and 137 Cs into the Pacific Ocean Povinec et al. (2012) reported that 89 Sr (an indicator of treated water being discharged from the FDNPP) and 90 Sr activities in surface water at a site near the FDNPP increased markedly on 5 December 2011 to 140 and 400 Bq L −1 , respectively, as a result of the release on 4 December 2011 of treated water that contained a considerable amount of radiostrontium. The water had been stored in a tank after removal of radiocesium by absorbers. In our study, however, an increase of radiostrontium activity, which would have provided convincing evidence for the release of radiostrontium from the FDNPP, was not observed in early December 2011. The absence of such evidence was probably due to the fact that the sampling stations where water samples were analyzed for 90 Sr measurements were located far from the FD-NPP site (Fig. 1c) . For example, at Stn. E3 the highest ratio was observed on 10 December 2011. Aoyama et al. (2013) have estimated a zonal speed of the radioactive plume as 1-16 cm s −1 . If the water mass with high Sr / Cs was transported at the maximum speed, the mass could have reached Stn. E3, about 60 km from the FDNPP, within about 3-4 days.
Thus, while relatively high 90 Sr activities after the discharge were not observed, the activity ratio of 90 Sr / 137 Cs increased by an order of magnitude in early December (Fig. 8b) , and that was consistence with the timing of the second direct waste water discharge on 4 December. The Sr/Cs activity ratio can aid in identifying the pathways of Sr and Cs. This result suggested that the treated water with a high ratio of activity of 90 Sr to activity of 137 Cs (Povinec et al., 2012) was transported to stations far from the FDNPP, while increased 90 Sr activities were not observed.
S. Oikawa: Distribution of the Fukushima-derived radionuclides in seawater 4 Conclusions
Artificial radionuclides such as 131 I, 134 Cs, and 137 Cs derived from the FDNPP accident appeared in surface (≤ 5 m), intermediate, and bottom water samples. However, the amount of 131 I in the surface waters decreased abruptly, and no 131 I was observed after the end of April 2011.
There was a remarkable variation in 137 Cs activities in surface waters during the first 7 months (March-September 2011) of our monitoring study. The distribution patterns in the surface waters suggested that in early May 2011 radiocesium-contaminated water was transported to the north, and then some of the water was advected to the south. The core of the waters with high 137 Cs activity persisted at least until July. We believe that these results reflected the influence of currents and the presence of a cyclonic mesoscale eddy. We observed relatively high 134 Cs activities derived from the FDNPP accident in subsurface waters. From 9-14 May to 5-16 December 2011, the depth of σ t isopycnal surfaces of 25.5-26.5, initially ≤ 5 m, increased with time, an indication that the extension of isopycnal surfaces to greater depth with time could be an important mechanism for transporting radiocesium downward in coastal waters. During 4-21 February 2012, we observed the formation of a vertically homogeneous water mass, probably a consequence of vertical mixing processes during the winter and the result was nearly constant activities of radiocesium throughout the wa- 
